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ABSTRACT 
Thickness swelling (TS) measurements for oriented strandboard (OSB) were carried out under cyclic 
relative humidity (RH) conditions at 25'C. Measurements were made by placing test materials in a 
climate-controlled conditioning chamber until specimens reached their steady-state equilibrium mois- 
ture content (EMC) at each given RH. 
Thickness swelling hysteresis or residual TS developed in all panels as a result of cyclic hu- 
midity exposure. The largest hysteresis occurred during the first adsorption cycle. Subsequent 
adsorption processes led to significantly smaller increases in the hysteresis. TS rate from the first 
adsorption cycle increased with increase in panel MC level and density, and decreased with 
increase in resin content. Flake alignment level and flake weight ratio for the three-layer boards 
played a less significant role in controlling the total TS and the swelling rate. The mean swelling 
rate was the largest from the first adsorption cycle. The rate decreased significantly during sub- 
sequent adsorption cycles. 
A procedure was developed to predict TS and TS distribution for panels with a density gradient 
based on measured layer TS rate and density. The predicted total TS matched experimental data well. 
The predicted TS distribution across panel thickness followed the distribution of EMC change, rather 
than the vertical density profile. For a given RH exposure condition, TS was generally smaller i n  the 
high-density surface region compared to the low-density core because of smaller EMC changes in the 
face. 
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INTRODUCTION large variation in board moisture content 
ln-service environments oriented ( ~ 2 ) .  This could lead to board deformations 
strandboard (OSB) might be exposed to can (e.g., bowing and warping), pushed-out nails, 
be involved with various environmental fat- and even structural failure. In order to prevent 
tors and their comt,inatjons due to 0 ~ ~ 3 ~  dj- OSB from having such deformations, funda- 
verse applications. Especially, environmental mental jnformation On MC change and its re- 
conditions with re~eated changes in relative lationship with dimensional change of OSB is 'z 
humidity (RH) and temperature under exterior needed. 
applications, such as OSB siding, often cause It is well known that wood-based compos- 
ites swell significantly in the thickness direc- 
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swelling of the wood due to MC change with- 
in the hygroscopic range. Nonrecoverable TS 
is a result of the combined effect of the com- 
pression stress release from the pressing op- 
eration and differential swelling potential due 
to inherent in-plane density variation. The lat- 
ter results in normal swelling stresses between 
high- and low-density areas in the plane of a 
panel. These stresses are often large enough to 
break the adhesive bonds, leading to signifi- 
cant nonrecoverable TS (Liu and McNatt 
1991 ; Suchsland and Xu 1991). 
In order to reduce TS of wood composite 
panels, extensive studies on furnish treatments 
have been performed. These treatments in- 
clude acetylating the fiber surface, studied by 
Arora et al. (1 98 I), Youngquist et al. (1986), 
Rowel1 et al. (1986), and Chow et al. (1996); 
post-heat treatment, by Hsu (1987; 1989) and 
Suchsland and Woodson (1986); bulking cell 
walls by Hay green and Gertjejansen (1 972); 
and fiber plasticization, by Hawke et al. 
(1993). They all reported improvement on TS 
of treated panels. However, Carll (1997) com- 
mented in his review that some of these tech- 
niques require large equipment expense and 
high levels of chemical input. 
Many investigations have been conducted 
to study the effect of process variables on TS 
of wood-based composites. In the manufac- 
ture of structural panels, vertical density gra- 
dient, resin content, and degree of flake-to- 
flake bonding are believed to be some of the 
main processing variables that control TS 
(Kelly 1977; Geimer 1982). Diverse ap- 
proaches to optimizing processing parame- 
ters, i.e., density by Lehmann (1970) and Vi- 
tal et al. (1974); horizontal density variation, 
by Xu and Steiner (1995); vertical density 
gradient across the board thickness, by Xu 
and Winistorfer (1995); resin content, by 
Hann et al. (1963); and flake configuration, 
by Gatchell et al. (1966), were studied to en- 
hance thickness stability of wood composites. 
In particular, studies were performed to in- 
vestigate the relationship between vertical 
density gradient and TS (Strickler 1959; 
Suchsland 1962; Davis 1989; Xu and Winis- 
torfer 1995). In Xu and Winistorfer's work 
(1 995), vertical density distributions before 
and after water soaking were used to deter- 
mine the thickness swelling distribution of 
composite panels. It was shown that layer TS 
from water soaking was directly proportional 
to the layer density of boards. It was con- 
cluded that vertical density distribution was a 
major factor in controlling TS distribution 
under water soaking. In a more recent study, 
Xu and Winistorfer (1996) also showed that 
there was a direct relationship between water 
absorption and layer density of wood com- 
posites. 
Roffael and Rauch (1972) investigated the 
TS rate of particleboards with various densi- 
ties under water soaking. 1-ow-density boards 
showed a constant TS rate (i.e., TSIwater ab- 
sorption) for a 10-day water soaking period. 
A TS rate increase was ob:served for the spec- 
imens with density above 0.7 g/cm3 with in- 
creased soaking time. This was explained by 
an initial slow TS rate for the high-density 
boards because reduced porosity in these 
high-density boards tended to have low mois- 
ture diffusion rate. Wu and Piao (1999) pre- 
sented TS curves as a function of moisture 
content change (MCC) for commercial OSB. 
They showed that nonrecoverable TS in- 
creased in an increasing rate up to 25% MC 
level. 
A major negative consequence of TS is the 
reduction of strength properties of wood 
composites (Lehmann 1978; Winistorfer and 
DiCarlo 1988; Wu and Piao 1999). These 
studies demonstrated that high humidity ex- 
posure and/or direct water soaking treatments 
led to significant loss of internal bond (IB) 
strength of the panels due to large TS in- 
volved. Wu and Piao (1999) showed a linear 
relationship between nonrecoverable TS and 
IB loss of commercial OSB. Thus, improving 
long-term durability properties of OSB relies 
largely on the fundamental understanding of 
the TS behavior of OSB. However, very little 
systematic experimental data are available 
about effects of panel processing variables on 
the swelling behavior of OSB under long- 
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term cyclic humidity exposure conditions. In 
this study, equilibrium moisture content 
(EMC) and TS of OSB manufactured under 
different processing conditions were mea- 
sured under cyclic RH conditions at 25°C in 
a two-year period. The objectives of the study 
were: (a) to investigate TS and TS rates of 
OSB as influenced by panel processing vari- 
ables under long-term cyclic RH exposure 
conditions, and (b) to develop a modeling ap- 
proach for predicting TS and TS distributions 
of panels with vertical density gradient based 
on measured layer properties. 
MATERIALS AND METHODS 
Test materials and sa~nple preparation 
The details of the manufacturing procedure 
for the experimental panels used are given in 
two early papers (Wu 1999; Wu and Ren 
2000) and are reviewed briefly as follows. 
Forty-four single-layer and thirty-two three- 
layer OSB panels were manufactured using as- 
pen flakes under various flake alignment lev- 
els. Single-layer boards were pressed to a 
thickness of 12.7-mm in a cold press, and the 
mats were then heated under pressure to cure 
the resin. This process produced panels with 
uniform density profile across panel thickness. 
Three-layer boards were made with four flake 
weight ratios (FWR-a ratio of face layer 
flake weight to the total flake weight in the 
manufacture of three-layer boards). They were 
pressed in a conventional manner to produce 
vertical density profile across panel thickness 
(Wu 1999). Flake orientation distribution for 
each panel was characterized by fitting mea- 
sured flake orientation data to the von Mises 
distribution. Actual density profile across pan- 
el thickness was measured using an X-ray den- 
sity profiler with samples taken from each 
panel. 
Two samples, 25.4 X 304.8 X 12.7 mm, 
were cut along each of the two principal di- 
rections from each board, totaling 152 sam- 
ples for each direction for the TS tests in this 
study. This gave four replications for each 
combination of density, flake alignment level, 
and resin content. They were numbered ac- 
cording to board type, material direction (par- 
allel or perpendicular), and replication num- 
ber. 
Thickness swelling tests 
All specimens for TS tests were initially 
dried in a convection oven at 70°C to reach a 
constant weight. Measurements, including 
specimen weight, length, width, and thickness 
of each specimen, were made at the dry state. 
The specimens were conditioned to reach 
equilibrium according to the following 
scheme: 
I \ '  Cycle: Dry -+ 32 % -+ 55% -+ 75% '0 85% + 93% -+ 75% + 32% 
2'ld Cycle: -+ 75% + 93% + 32% 
3r" Cycle: + 75% + 93% -+ 32% -+ OD. 
For both single-layer and three-layer boards, Thickness swelling data analysis 
the exposure time was 12 months for the first Measured sample thickness at various levels 
cycle and 6 months each for the two subse- of RH condition was used to calculate TS ac- 
quent cycles. The measurements (specimen cording to the following equation: 
weight, length, width, and thickness) were re- TK(RH) - TK(DRY) 
peated at each RH condition. Finally, all spec- TS (%) = X 100% 
imens were oven-dried for 24 h at 105OC to TK(DRY) 
determine their oven-dry weight and dimen- (1 
sion. where 
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TK(RH) = sample thickness (mm) at a 
given RH; and 
TK(DRY) = sample thickness (mm) at the 
initial dry condition. 
TS data were plotted against moisture content 
change, MCC, from the initial dry condition. 
For a given change of relative humidity 
(ARH), TS rate (TSR) was evaluated as: 
TSR (%TSI/%MC) = 
TSC(ARH) 
MCC(ARH) (2) 
where 
TSC = thickness swelling change (%) over 
ARH; and 
MCC = moisture content change (%) over 
ARH. 
Statistical comparison was performed to in- 
vestigate effects of panel processing variables 
on measured TS and TSR. The measured 
thickness swelling rate, TSR, was expressed as 
a function of panel processing variables and 
MC level for both single- and three-layer 
boards using: 
TSR (%TS/%MC) = aMCbSGckdRC"3) 
where MC is moisture content in percent, RC 
is resin content (%), SG is specific gravity, k 
is concentration parameter used to describe 
flake orientation distribution (Wu 1999), and 
a, b, c, d, and e are regression constants. 
Predicting TS of three-layer boards with 
density gradient 
Measured TSR from single-layer uniform 
density boards and density distribution from 
the three-layer boards were used to predict TS 
and TS distribution of three-layer boards with 
a vertical density gradient according to the fol- 
lowing procedure. 
1 .  Panel thickness (TK) was divided into a 
number of N layers (e.g., 12) across panel 
thickness (Fig. 1). This was done without 
considering boundaries between face and 
core layers. Each layer (i = 1 . . . N) con- 
tains a number of n measured density 
FIG. 1. Schematic of layer division across panel thick- 
ness for modeling panel TS. Variables used are: TK- 
panel thickness, TKL-sub-layer thickness, RH-relative 
humidity, RH,-reference relative humidity, I-index for 
sub-layer, N-total number of sub-layers, j-index for 
measured density points, n-total number of measured 
density points within a sub-layer, SGL-sub-layer specific 
gravity, and SGDpmeasured density point within a sub- 
layer. 
points, SG,, Cj = 1 . . . n). The density val- 
ues at these points were averaged to get the 
mean density for the layer, SGL(i). 
2. The layer density and other panel parame- 
ters (i.e., resin content and concentration 
parameter) were used to calculate model 
parameters A(i) and M,(i) in Nelson's sorp- 
tion isotherm using regression equations 
established by Wu and Ren (2000) for each 
sub-layer. 
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3. Starting at a reference RH level (RH,), the 
EMC of each sub-layer, MC(i, RH,,), was 
calculated using the Nelson's sorption iso- 
therm. The details of the procedure for cal- 
culating EMC distribution across board 
thickness can be found from Wu and Ren 
(2000). 
4. RH level was increased. EMC distribution 
corresponding to the new RH, MC(i, RH), 
was recalculated, from which the EMC 
change in relation to the reference condi- 
tion for each layer was evaluated: 
AMC(i, RH) = MC(i, RH) 
- MC(i, RHO) (4) 
5 .  TSR for each layer, TSR(i, RH), was cal- 
culated using characterized Eq. (3) from 
the single-layer, uniform density boards. 
6. Layer thickness swelling was calculated as: 
TS(i, RH) = TSR(i, RH) X AMC(i, RH) ( 5 )  
7. Total panel thickness swelling was calcu- 
lated: 
N 
TS(i, RH) 
TTS(RH) = ' - '  
N 
(6) 
8. The calculation was shifted back to Step 4 
and the procesc was repeated. A FOR- 
TRAN program was developed using Mi- 
crosoft FORTRAN Powerstation 4.0 to im- 
plement the above algorithm. The proce- 
dure yielded distributions of EMC, TS rate, 
and TS for a given RH exposure condition. 
RESUI>TS AND DlSClJSSlONS 
Thickne.s,v .sn~~lling dutu 
Measured TS (%) and EMC (96) data at the 
selected RH levels are summarized in Table 1 
for single-layer boards and Table 2 for three- 
layer boards. Also shown in Table 1 and Table 
2 are the manufacturing variables for various 
panels listed. TS and EMC values shown are 
means of eight specimens for each board type. 
TS was zero at the initial dry condition. Typ- 
ical plots showing TS as a function of mois- 
ture content change, MCC, are shown in Fig. 
2a for the single-layer boards and Fig. 2b for 
the three-layer boards. In both graphs, the TS 
curve starts at zero percent MC change (i.e., 
initial dry condition). The last data point (i.e., 
oven-dry condition) shows a negative MC 
change indicating an MC decrease from the 
initial dry condition. Thus, the absolute value 
of the last MC change was the. beginning MC 
for the boards. The effects of moisture cycling 
on TS are clearly seen from the graphs. For 
each adsorption cycle, TS increased with in- 
crease in board MC. For each desorption cy- 
cle, TS decreased with MC decrease. How- 
ever, board thickness did not return to the be- 
ginning value after each cycle as indicated by 
the residual TS at a similar EMC level be- 
tween adsorption and desorption. This behav- 
ior is similar to sorption hysteresis shown in 
a previous paper (Wu and Ren 2000) and is 
thus defined as thickness swelling hysteresis. 
The largest TS hysteresis (or residual TS) oc- 
curred after the first sorption cycle. There was 
a small amount of increase in the residual TS 
after each of the two additional sorption cy- 
cles. As a result, the TS hysteresis loop moved 
up as the number of cycles increased (Fig. 2a 
and 2b). This clearly indicates the damaging 
effect of the cyclic humidity exposure on 
board quality. As permanent residual TS in- 
creased, there was an increased amount of 
bond failure in the panel. 
Statistical correlation analysis was per- 
formed to demonstrate the effect of panel pro- 
cessing variables on total TS at various RH 
exposure levels. The test results are summa- 
rized in Table 3 for the single-layer boards and 
Table 4 for the three-layer boards. As shown 
in Table 3, the effect of density on the total 
TS of the single-layer, uniform density boards 
was not significant at the 93% RH level in all 
three cycles. This was due to the fact that, 
even though high-density boards tended to 
swell more because of their larger swelling po- 
tentials, the MC level reached at a given RH 
level, especially at RH levels above 8596, was 
lower compared to the low-density boards 
TABL.F I .  Mrtrc~crr~cl TS trrlcl E M C  trt tlrc, . \c~l~~c./rrl  I c~ , r l . \  of' r r l r r r i ~ ~ ,  hrcniirlir\, f i)r ~ I l e  sil lxlr-lrr~er hotrr(l.\. 
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HAL 
LAL 
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HAL 
LAL 
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TS (EMC) at the Spectticd Kelnt~vc Hurnld~ty Condlt~on' 
I \ l  Adw,rplron Cycle 2nd Adwrptlon Cyclr 3rd Adwrptlon Cycle 
Spcclllc 
32'1 91% End 32% 
3 
Bo;lidT)peh FWRL Grax~ly h" Inltlal Dry 32% 93% 32% Y3'A m - 
9 
4% RC K' 
HAL 0.3 0.75 6.35 O(5.6) 0.6(6.5) 25.0(21.6) 10.9 (7.8) 21.3 (20.5) 12.5 (7.6) 23.4 (20.5) 13.8 (7.7) 7 
0.4 0.76 5.02 0 (5.2) 0.7 (6.4) 26.2 (21.6) I 1.6 (7.8) 23.4 (20.3) 13.4 (7.6) 24.0 (19.8) 14.4 (7.8) 
0.5 0.76 6.57 0 (5.4) 0.8 (6.8) 23.6 (21.8) 9.9 (7.9) 21.0 (20.5) I 1.5 (7.5) 20.8 (19.9) 12.0 (7.7) 2 
0.6 0.75 6.62 O(5.2) 0.7(6.8) 25.9(22.3) I 1.4 (8.2) 23.6 (21.4) 13.3 (7.7) 21.8 (21.3) 14.2 (7.5) n 
71 
LAL 0.3 0.74 1.54 O(6.6) 0.2(6.9) 23.7(21.7) 12.4 (8.2) 23.3 (20.7) 14.0 (7.7) 24.1 (20.7) 15.2 (7.9) 7 
0.4 0.74 1.51 0 (6.7) 0.1 (6.9) 22.1 (21.6) 10.6(8.2) 21.7(21.1) 12.2 (7.7) 22.8 (2 1.3) 13.5 (7.9) 3 
0.5 0.74 1.84 0 (6.7) 0.0 (7.0) 21.4 (21.9) 10.6 (8.3) 21.8 (21.6) 12.4 (7.7) 24.3 (22.2) 13.8 (7.7) vl 
0.6 0.72 1.32 0 (6.1) 0.2 (6.9) 24.7 (22.6) 13.1 (8.2) 25.9 (23.0) 15.6 (7.7) 24.4 (21.1) 15.7 (7.7) 2 
r 
6% RC r 
9.2 (8.1) 19.1 (22.1) 
2 
HAL 0.3 0.73 5.78 0 (5.7) 0.6 (6.8) 20.4 (22.7) 8.3 (8.6) 19.2 (22.2) 9.5 (7.8) 0 
0.4 0.75 6.09 0 (6.1) 0.6 (7.4) 23.5 (22.4) 10.2 (8.6) 2 1.4 (2 1.7) I 1.8 (8.1) 22.8 (22.2) 12.6 (7.9) 
0.5 0.76 6.44 0 (5.6) 0.5 (7.9) 21.7 (21.4) 9.1 (8.3) 20.1 (20.6) 10.3 (7.8) 20.9 (2 1.4) 11.6 (7.7) 2 
0.6 0.75 7.00 O(5.7) 0.6(7.8) 20.3(22.0) 7.3 (8.3) 18.2 (21.5) 8.5 (7.8) 21.5 (21.8) 9.7 (7.8) 
LAL 0.3 0.71 1.47 O(6.5) 0.1(6.8) 19.8(23.1) 8.8 (8.3) 19.4 (22.5) 10.2 (7.9) 20.8 (22.0) 10.5 (7.8) " 
0.4 0.75 1.67 0 (6.2) 0.6 (7.4) 21.1 (22.6) 9.5 (8.5) 21.0 (21.8) I I. I (7.9) 21.8 (22.1) 12.2 (7.8) g 
0.5 0.71 1.79 0 (7.0) 0.6 (7.0) 21.2 (23.3) 8.7 (8.7) 19.5 (22.4) 0 8 ) 20.0 (23.5) 10.9 (7.8) $ 
0.6 0.73 1.61 0 (6.9) 0.4 (7.4) 23.1 (22.9) 9.4 (8.4) 20.1 (2 1.9) l l .0 (8.0) 2 1.8 (22.4) 11.7 (7.7) 0 
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hi.onccntr;~tion palnrnetcr 
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a) SG = 0 58 
RC = 4% 
k = 11.5 
Oven Dry 
0 
-8 -4 0 4 8 12 16 20 
MC Change from the Dry Condition (%) 
b) SG = 0.74 
RC = 4% 
FWR = 0.3 
k =  1.54 
Oven Dry 
PIG. 2. Typical thickness swelling hysteresis loops as 
a function of moisture content change under cyclic ex- 
posure conditions. a) single-layer boards and b) three-lay- 
er boards. 
(Wu and Ren 2000). As a result, the total TS 
reached in those high-density boards was not 
necessarily larger. At the 32% RH level, the 
effect of density on the residual TS was sig- 
nificant for all three exposure cycles. High- 
density boards had significantly less residual 
TS. The effect of resin content on the total TS 
was significant at all exposure conditions. 
Thus, increase in resin content significantly re- 
duced the amount of TS. Effects of flake align- 
ment level (k) on the TS were generally not 
significant, as shown in Table 3. 
For all three-layer boards (Table 4), panel 
density tended to have a positive effect on TS, 
but the effect was not significant except at two 
RH exposure levels. In studying the relation- 
ship between thickness swelling and panel 
density, Liu and McNatt ( 1  991) showed that 
TS varied from point to point in flakeboards, 
but no definite relationship between TS and 
density was found. The current results agreed 
with their findings. Similar to the single-layer 
boards, the effect of resin content was signif- 
icant at all exposure levels, indicating that 
boards made with higher resin content had 
smaller TS for a given exposure condition. 
Flake alignment level showed a negative ef- 
fect on the swelling. This implies that an in- 
crease in flake alignment level (i.e., better 
forming the mat) will lead to less TS and thus 
a more stable panel. Flake weight ratio, FWR, 
used to make three-layer boards did not show 
significant effect on TS. 
Thickness swelling rate from the initial 
adsorption cycle 
Thickness swelling rate, TSR (%TS/%MC), 
from the initial adsorption cycle was calculat- 
ed for each board type. Typical plots showing 
TSR as a function of moisture content are 
shown in Fig. 3a for the single-layer boards 
and Fig. 3b for the three-layer boards. As 
shown, the swelling rate reached over 2% per 
percent MC change for some of the boards. 
TSR generally increased with an increase in 
panel MC level. This indicates that MC in- 
creases at the higher MC range (e.g., above 
15%) led to a larger amount of TS. For the 
single-layer, uniform-density boards, high- 
density boards had a larger swelling rate com- 
pared to low-density boards at the same resin 
content level. For the three-layer boards, flake 
weight ratio had no obvious effect on the 
TSR-MC curve. The swelling rate curves for 
some panels, especially low-density single- 
layer boards, leveled off at the MC levels 
above about 15%, indicating a similar swelling 
rate in the MC range. Regression analysis was 
carried out to establish correlations among the 
TSR, MC, and panel processing variables. The 
model is: 
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T A R I . ~  3. t?fect .~ of SG, RC, trtzd k 0 1 2  total thickness swell in^ at 93% and 32% RH le\~el.s,fir single-layer, uniform- 
det~siry botrrds. Dcitu .shown clrr p-value.sa. 
151 Cyclc 2nd Cyclc 3rd Cycle 
.X ~ 1 , ~  - - - \ ~ g n  wc;ll>\ ncgatlbe ci'fci.1. the "+" \ign mean\ po\~t lvs  effect. and thc \ign mean, that the cll'ect 15 not \~gnilicant nl the 0.05 ~ ~ g n i l i c ; ~ n c c  
I c \ u I  
' S \ p c c ~ l ~ c  griivlty, RC-rain content. and k-flake o~~cnt;lt!on c<,nct.nt~-atton purarncter 
TSRI ,t ADS 32% to 93% was calculated for both single- 
- 0,0827MC I 15WSGO 3663k-(I 0234RC-0 2727 and three-layer boards. Multi-linear regression 
analysis was performed using SAS PROC 
R2 = 0.49 (7) REG (SAS Institute Inc. 1996) to demonstrate 
for the single-layer boards and 
TSR,,, ,, = 0.2474MCoqXo9SG1 1"RC-"z351 
R2 = 0.52 (8) 
for the three-layer boards. In both Eqs. (7) and 
(8), TSR is in %TS/%MC, MC is in percent, 
and RC is in percent. Equations (7) and (8) 
allow the prediction of thickness swelling rate 
as a function of panel processing variables. As 
shown, TSR for both single- and three-layer 
boards was correlated positively with MC and 
panel density, and negatively with resin con- 
tent. 
The mean TSR for the RH change from 
the effect of panel processing variables on the 
mean TSR values from the first adsorption cy- 
cle. For the single-layer boards, panel density 
had the most significant positive effect on the 
TSR (p = 0.0001, standardized parameter of 
estimates = 0.4104, and Type I1 partial cor- 
relation coefficient = 0.1994). TSR increased 
with panel density at all density levels. Resin 
content had a significant negative effect on 
TSR (p = 0.0002, standardized parameter of 
estimates = -0.2425 and Type I1 partial cor- 
relation coefficient = 0.0807). Thus, increase 
in panel resin content level will significantly 
reduce the thickness swelling rate as expected. 
The flake alignment level also showed signif- 
T A R I . ~  4. I?~~~>c.Ts of SG. RC: k and SR on totnl thickness swelling at 93% and 32% RH levles for three-layer hoards 
with drmity grtrdicznr. Data shown are p-values". 
I 51 Cycle 2nd Cycle 3rd Cyclc 
Factorh 93% RH 12% RH 93%' RH 32%' KH 9 3 1  KH 32% KH 
SG 0.0287 0.3478 0.274 1 0.6171 0.0003 0.0976 
(+) (+I:" (+I* (+I* (+I  (+I* 
RC 0.000 1 0.0001 0.0001 0.0001 0.000 1 0.0001 
(-1 (-) (-I (-1 (- 1 (-1 
k 0.2466 0.0080 0.0133 0.0032 0.0224 0.0043 
(+)* (-1 (-1 (-1 (-1 (-1 
FWR 0.1608 0.0985 0.1658 0.4258 0.2309 0.4694 
(+)* (+):I (+)" (+I* (+I* (+I* 
, ~h~ 4 .. 51gn n,ean\ ncgaftvr ctTcct, the "+" \ tgn meanc poutlvc ct'fecl, and the "*" \tgn Ine;in\ that the effect i \  not signtticant a1 thc 0.05 s,gnilicancs 
level 
" SG-\pecthc pmvlty, RC-rc\ln content. I\-flakc orlzntatlon conccntratlon parameter, and FWR-Hake wclphl rntto betwcen Sacc and core layer, used to 
manufactnrc three-layer board,. 
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FIG. 3. Typical thickness swelling rate from the tirst 
adsorption cycle (i.e., 35% to 93% R H )  as a function of 
sample moisture content. a) single-layer boards and b) 
three-layer boards. 
icant negative effect on TSR (p = 0.0001, 
standardized parameter of estimates = 
-0.3967 and Type I1 partial correlation coef- 
ficient = 0.1882). This indicates that an in- 
crease in panel alignment level will help re- 
duce the swelling rate. For all three-layer 
boards, resin content was the only variable 
that significantly affected mean TSR value (p 
= 0.000 1 ,  standardized parameter of estimates 
= -0.572, and Type I1 partial correlation co- 
efficient = 0.3272). Flake weight ratio (p = 
0.7 154, standardized parameter of estimates = 
0.01 607 and Type I1 partial correlation coef- 
ficient = 0.00038) and flake alignment level 
(p = 0.828, standardized parameter of esti- 
mates = 0.02698 and Type I1 partial correla- 
tion coefficient = 0.001076) did not show a 
significant effect on the mean TSR value. 
Cycle Number (Adsorption) 
0 
1 s t  2nd 3rd 
Cycle Number (Adsorpt~on) 
SG: H 0 6 2 O 0 8 3 O 1 0 1  1 1 5  
FIG. 4. A comparison of thickness swelling rate from 
the three adsorption cycles (i.e., 35% to 93% RH) for the 
single-layer boards. a) 4% resin content and high align- 
ment level and b) 6%' resin content and low alignment 
level. 
Comparison c?f TS rute under cyclic exposure 
conditions 
A comparison of the mean TSR from the 
three adsorption cycles (i.e., 32% + 93% RH) 
is shown in Fig. 4 for the single-layer, uniform 
density boards at various density levels. It can 
be seen from Fig. 4 that 
a) even though high-density boards did not 
show a significantly larger total TS as dis- 
cussed in the previous section, their swelling 
rate (or swelling potential) was larger com- 
pared with that of the low-density boards, and 
b) mean TSR value from the first adsorption 
cycle was the largest for all board types. Sub- 
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sequent adsorption cycles led to significantly 
smaller TSR values. There was more reduction 
in TSR value for low-density boards at both 
resin content levels (Fig. 4). 
The observation a) implies that low-density 
boards had a smaller swelling potential, thus 
a better long-term TS resistant properties than 
high-density boards. Therefore, reducing panel 
density does not only reduce manufacturing 
costs (raw materials and pressing costs), but 
also leads to a more stable product. Since low- 
density panels contain a substantial amount of 
voids, the effect of voids on panel stability and 
strength properties should be fully investigat- 
ed. The observation b) implies that extreme 
precaution should be exercised to prevent the 
panel from taking moisture during the initial 
adsorption process. Moisture adsorption dur- 
ing the initial adsorption process will lead to 
a large total and residual (or nonrecoverable) 
thickness swelling of the product. 
Comparisons of the TSR values from the 
three adsorption cycles (i.e., 32% 'c 93% RH) 
for three-layer boards with density gradient 
are shown in Fig. 5. Similar to the single-layer 
boards, the mean TSR value from the first ad- 
sorption cycle was the largest for all board 
types. Each of the two subsequent adsorption 
cycles led to a significantly smaller TSR val- 
ue. There was about 50% reduction in TSR 
value from the first to the second or third ad- 
sorption cycle. Boards made with 6% resin 
content (Fig. 5b) had a significantly smaller 
swelling rate from all three exposure cycles 
compared with those made at the 4% resin 
content level (Fig. 5a). Flake weight ratio, 
FWR, which controls the layering structure for 
a three-layer board, did not make any signifi- 
cant influence on the mean swelling rate at all 
three exposure cycles. 
Predicted TS cf three-layer hoards with 
~ i e n s i t ~  ,qmdient 
Prediction of TS was carried out only for 
the first adsorption cycle due to its dominant 
effect in controlling panel TS. Typical pre- 
dicted TS curves as a function of MC change 
0 
I Sl LllU JIU 
Cycle Number (Adsorption) 
FWR 0 0 3 0 0 4 0 0 5 0 6  
FIG. 5 .  A comparison of thickness swelling rate from 
the three adsorption cycles (i.e., 35% to 93% RH) at var- 
ious shelling ratios for the three-layer boards. a) RC = 
4% at high alignment level. b) RC = 6% at low alignment 
level. 
are shown in Fig. 6 in comparison with ex- 
perimental data. As shown, the predicted TS 
compared well with the measurement over the 
entire MC range. Since the TS prediction was 
based on summing the TS of individual layers, 
the agreement between predicted and mea- 
sured TS indicated that the interaction among 
flake layers across panel thickness played a 
less significant role on the final magnitude of 
TS in OSB. 
Typical distributions of measured density, 
predicted EMC change, predicted TS rate, and 
TS across panel thickness are shown in Fig. 
7. There were similar trends between density 
and TS rate distributions (Fig. 7a) and similar 
trends between TS and MC change (Fig. 7b). 
Both density (i.e., SG) and TS rate at the sur- 
face region were higher than thosc in the cen- 
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0 3 6 9 12 15 18 
MC Change (%) 
FIG. 6. A co~nparison of predicted and measured mean 
panel TS as a function of sample MC change for three- 
layer OSR panel\. (a )  FWK = 0.3 and low alignment level 
and (b)  FWR = 0.5 and high alignment level. 
ter. On the other hand, both TS and EMC 
change at the surface regions of the board 
were smaller than those in the center. The 
trend of TS is thus opposite to that of the den- 
sity profile, which had higher values in the 
surface region. Xu and Winistorfer (1995) 
demonstrated a higher TS value in the surface 
region for OSB under direct water soaking, 
similar to the density profile. The difference 
was thought due to the exposure conditions 
used. Under high humidity exposure condi- 
tions, actual TS value of a flake layer depends 
on two factors, EMC change and TSR of the 
layer. Over a given exposure condition, the 
high-density face region had a smaller EMC 
change (Wu and Ren 2000) and a larger TSR 
compared to the low-density core. The net ef- 
fect was the balance between the two opposing 
factors. At the high MC level, the effects of 
EMC reduction in the high-density face out- 
weighed the effect of its larger swelling rate 
value. As a result, the face region had smaller 
TS than that of the core. Under water soaking 
conditions, however, all layers were assumed 
to reach saturation. The higher swelling rate 
in the high-density face region led to larger 
TS over the same amount of MC change. 
Thus, under long-term high humidity expo- 
sure, both EMC change and density distribu- 
tion across board thickness were the important 
factors in controlling TS in OSB. Since the 
effect of density on EMC became smaller at 
the lower MC levels (Wu and Ren 2000), the 
TS difference between face and core layers de- 
creased at the lower RH exposure levels. 
CONCLUSIONS 
Thickness swelling behavior of oriented 
strandboard under long-term cyclic RH expo- 
sure was investigated. From the study, the fol- 
lowing conclusions were reached. 
1 .  TS hysteresis developed in all panels as a 
result of cyclic humidity exposure. The 
largest TS hysteresis (or residual TS) oc- 
curred during the initial adsorption cycle. 
2. TS rate from the initial adsorption cycle in- 
creased with an increase in MC level and 
panel density, and decreased with increase 
in resin content. For the single-layer, uni- 
form density boards, flake alignment level 
also showed a significant negative effect on 
the swelling rate. For the three-layer board 
with density gradient, both alignment level 
and shelling ratio did not have any signif- 
icant effect on TSR. 
3. The TS rate was the largest from the first 
adsorption cycle. The rate decreased sig- 
nificantly during the subsequent adsorption 
cycles. The general trend is similar for both 
single- and three-layer boards. 
4. The predicted total TS matched experimen- 
tal data well. The predicted TS distribution 
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Board Thickness (mm) 
FIG. 7. Typical distributions of measured density (a), predicted TS rate (a), predicted MC change (b), and predicted 
TS (b) across panel thickness for three-layer OSB under RH exposure condition from 35% to 93%. 
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across panel thickness followed more 
closely the distribution of EMC change, in- 
stead of the vertical density profile. For a 
given RH exposure condition, TS was gen- 
erally smaller in the high-density surface 
region compared to the low-density core 
because of smaller EMC changes in the 
face. The procedure developed provided a 
useful tool for analyzing the effect of panel 
processing parameters on TS behavior of 
OSB. 
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